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Supporting Information for 
Beyond Bleaney’s theory: rationalisation of non-classical paramagnetic NMR 
shifts in a series of C3 symmetric lanthanide complexes 
Michele Vonci, Kevin Mason, Elizaveta A. Suturina, Andrew T. Frawley,  Ilya Kuprov,* David 
Parker,* Eric J. L. McInnes* and Nicholas F. Chilton* 
 
 
 
Figure S1. Stick representations of the DFT-optimised structures of [DyL1] in H2O using different 
functional/solvent model combinations. M06/SMD (blue), M06/PCM (green), BP86/SMD (red). 
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Table S1. Structural part (
3 cos2 𝜃−1
𝑟3
) of Equation 3 for three pyridyl protons in [DyL1] for 
structural models obtained using different DFT methods. 
 M06/SMD (×1027 m-3) M06/PCM (×1027 m-3) BP86/SMD (×1027 m-3) RSDa 
pyH3 -4.823 -4.945 -4.925 1% 
pyH4 -3.830 -3.808 -3.666 2% 
pyH5 -4.426 -4.173 -3.750 8% 
a Relative standard deviation 
 
Table S2. Relative energy of partially DFT (M06/SMD) optimised structures for [DyL1] obtained 
by systematic variation of the polar angle θ for the three sets of donor atoms O, Neq, and Nax. 
 E (K) 
Δθ (°) O Neq Nax 
-5 1174 3681 10872 
-4 738 2324 6815 
-3 404 1291 3753 
-2 164 567 1641 
-1 38 141 404 
0 0 0 0 
1 28 152 398 
2 107 601 1533 
3 230 1314 3350 
4 401 2267 5773 
5 656 3935 8758 
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Figure S2. Relative energy for partially DFT (M06/SMD) optimised structures for [DyL1] 
obtained by varying the polar angle θ for the three sets of donor atoms O (red), Neq (blue), and Nax 
(black). (Inset) Range of angular variation accessible in the 0-300 K interval. 
 
 
Figure S3. DFT (M06/SMD) optimised structures of [DyL1] in H2O upon variation of the polar 
angle of the axial O atoms from the initial optimised structure. Δθ =-5° (blue)  Δθ = 5° (red). 
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Figure S4. Variation of the torsion angles α (black) and β (red) with respect to the DFT optimised 
structure as function of the variation of the polar angle θ for [DyL1].  
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Figure S5. Comparison between CASSCF-SO calculated susceptibility tensor anisotropy 𝜒∥ −
 𝜒𝑎𝑣 at 298 K for [DyL
1] by varying θ (black squares) and α (red circles). The vertical line 
corresponds to the values of θ and α for the reference structure obtained by DFT optimisation 
(M06/SMD) in H2O. Note the different scale for the upper and lower x-axes, determined by the 
relationship between α and θ (Figure S4). Slight differences between the two models are to be 
attributed to rigid rotation of the pyridyl ring in the α model causing slight shifts in the Neq 
positions. 
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Table S3. CASSCF-SO calculated g-tensors for the two lowest-lying Kramer’s doublets of [DyL1] 
for various values of α. The data for α = 40.4° correspond to the DFT optimised structure in H2O  
(M06/SMD). 
 Ground state First excited state 
α (°) g1 g2 g3 g1 g2 g3 
45.4 19.66 0.00 0.00 15.98 1.72 1.72 
44.4 19.51 0.00 0.00 14.04 3.51 3.51 
43.43 19.19 0.00 0.00 9.60 6.06 6.06 
42.4 18.37 0.00 0.00 5.70 7.53 7.54 
41.4 16.39 0.00 0.00 4.17 8.18 8.19 
40.4 13.43 0.00 0.00 3.54 8.60 8.60 
39.4 3.10 8.90 8.93 11.09 0.02 0.00 
38.4 2.66 9.15 9.16 9.50 0.01 0.00 
37.4 2.20 9.35 9.34 8.24 0.00 0.00 
36.4 1.73 9.47 9.48 7.10 0.00 0.00 
35.4 1.26 9.55 9.56 6.07 0.00 0.00 
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Table S4. CASSCF-SO calculated CF parameters 𝐴𝑘
𝑞〈𝑟𝑘〉 as a function of α for [DyL1]. The data for α = 40.4° correspond to the DFT 
optimised structure in H2O (M06/SMD). Note the reference frame for the CF parameters is only consistent as far as the definition of the 
C3 axis between each different α value, thus an arbitrary rotation around the C3 axis leads to changes in the q ≠ 0 parameters; note that 
the value  √(𝐴𝑘
𝑞〈𝑟𝑘〉)2 +  (𝐴𝑘
−𝑞〈𝑟𝑘〉)2 will always vary smoothly (Figure 4). 
α (°) 𝑨𝟐
𝟎〈𝒓𝟐〉 (cm-1) 𝑨𝟒
−𝟑〈𝒓𝟒〉 (cm-1) 𝑨𝟒
𝟎〈𝒓𝟒〉 (cm-1) 𝑨𝟒
𝟑〈𝒓𝟒〉 (cm-1) 
45.4 361.23647 762.04652 -25.48657 1100.40098 
44.4 311.72373 -1391.20797 -25.77761 -341.55235 
43.43 259.10954 -1266.32273 -25.65965 -853.96865 
42.4 203.71645 1078.77407 -25.12162 -1209.54797 
41.4 145.90802 -833.57251 -24.14283 1492.71135 
40.4 86.15768 -827.39504 -22.71255 1589.37853 
39.4 24.89057 753.74303 -20.88148 -1705.98832 
38.4 -37.28643 -410.76278 -18.66626 -1882.78587 
37.4 -99.96414 124.42987 -16.16636 -1972.84681 
36.4 -161.99521 1448.13995 -13.29317 1394.17597 
35.4 -223.23127 9.44773 -10.26891 -2028.89746 
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Table S4 cont. CASSCF-SO calculated CF parameters 𝐴𝑘
𝑞〈𝑟𝑘〉 as a function of α for [DyL1]. The data for α = 40.4° correspond to the 
DFT optimised structure in H2O (M06/SMD). Note the reference frame for the CF parameters is only consistent as far as the definition 
of the C3 axis between each different α value, thus an arbitrary rotation around the C3 axis leads to changes in the q ≠ 0 parameters; note 
that the value  √(𝐴𝑘
𝑞〈𝑟𝑘〉)2 +  (𝐴𝑘
−𝑞〈𝑟𝑘〉)2 will always vary smoothly (Figure 4). 
α (°) 𝑨𝟔
−𝟔〈𝒓𝟔〉 (cm-1) 𝑨𝟔
−𝟑〈𝒓𝟔〉 (cm-1) 𝑨𝟔
𝟎〈𝒓𝟔〉 (cm-1) 𝑨𝟔
𝟑〈𝒓𝟔〉 (cm-1) 𝑨𝟔
𝟔〈𝒓𝟔〉 (cm-1) 
45.4 -46.58021 558.68693 -32.84444 92.66896 365.46869 
44.4 382.93613 -433.18949 -31.38536 333.29507 52.35873 
43.43 298.46587 -483.41925 -29.77858 207.42351 273.51908 
42.4 -254.54796 -187.87908 -28.07056 -469.72982 -338.10027 
41.4 -404.39420 321.64364 -26.30682 366.92189 -176.72594 
40.4 -28.27372 -456.93795 -24.54153 -125.77791 458.02239 
39.4 -473.14171 -410.95951 -22.83918 -218.61832 -48.70832 
38.4 -174.00136 -445.40618 -21.24664 130.28997 459.39659 
37.4 -388.11515 -465.07099 -19.83841 69.17961 323.86524 
36.4 404.99984 198.43798 -18.58003 -441.17897 322.76238 
35.4 -335.29764 -451.04331 -17.57639 223.26371 408.42813 
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Table S5. Calculated and experimental pseudo-contact shifts for [DyL1] pyridyl 1H nuclei in D2O, 
MeOD, and D6-DMSO at 298 K. 
 D2O MeOD D6-DMSO 
 
Experimental 
(ppm) 
M06/SMD 
(ppm) 
Experimental 
(ppm) 
M06/SMD 
(ppm) 
Experimental 
(ppm) 
M06/SMD 
(ppm) 
pyH3 2.9 -19.3 16.2 6.3 21.6 10.6 
pyH4 2.4 -15.3 13.6 5.7 18.0 9.5 
pyH5 1.7 -17.7 16.6 7.4 22.3 12.4 
 
 
Figure S6. Comparison between the CASSCF-SO calculated susceptibility tensor anisotropy of 
[DyL1] using structures with modified α from DFT references (M06/SMD) using different solvent 
parameterisations. Data is presented as a function of θ for the oxygen atoms for consistency. 
 
 
 
Table S6. Structural part (
3 cos2 𝜃−1
𝑟3
) in Equation 1 for different solvents for [DyL1] evaluated 
from the optimised DFT structure with solvent model (M06/SMD). 
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 (
𝟑 𝐜𝐨𝐬𝟐 𝜽−𝟏
𝒓𝟑
) (×1027, m-3)  
 H2O MeOH DMSO RSDa 
pyH3 -4.426 -4.208 -4.240 3% 
pyH4 -3.830 -3.811 -3.810 0.3% 
pyH5 -4.823 -4.940 -4.943 1% 
a Relative standard deviation 
 
Table S7. Structural part (
3 cos2 𝜃−1
𝑟3
) in Equation 1 for different values of the torsion angle α for 
[DyL1] evaluated from the optimised DFT structure in H2O (M06/SMD). 
 α (°), (
𝟑 𝐜𝐨𝐬𝟐 𝜽−𝟏
𝒓𝟑
) (×1027, m-3) 
 -5 -4 -3 -2 -1 0 1 2 3 4 5 
pyH3 -4.3742 -4.3844 -4.3947 -4.4050 -4.4152 -4.426 -4.4358 -4.4460 -4.4563 -4.4665 -4.4767 
pyH4 -3.8416 -3.8388 -3.8362 -3.8338 -3.8316 -3.830 -3.8276 -3.8258 -3.8242 -3.8227 -3.8213 
pyH5 -4.6229 -4.6623 -4.7021 -4.7421 -4.7824 -4.823 -4.8640 -4.9053 -4.9469 -4.9889 -5.0313 
a Relative standard deviation 
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Figure S7. Determination of the anisotropy of the magnetic susceptibility χ∥-χ𝑎𝑣 from the slope of 
a linear fit of the experimental pseudo contact shift of pyH3, pyH4, and pyH5 vs the structural part 
𝟏
𝟐𝑵𝑨
(
3 cos2 𝜃−1
𝑟3
) for [DyL1] and [EuL1]. 
 
 
Figure S8. Solvent dependence of the 𝛿𝑝𝑐 of pyH3-5for [EuL
1] in D2O, MeOD, and d6-DMSO 
(solutions at 298 K). 
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Figure S9 Luminescence spectra of [EuL1] in H2O, MeOH and DMSO (exc 272 nm, 30 M 
complex, 295 K). The 5D0  7F5 and 5D0  7F6 emission lines are assumed to be very weak as 
they were not observed .  
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Figure S10   Circularly polarised emission spectra of the 5D0  7F1 and 5D0  7F2 region for -
[EuL1] in H2O (blue), MeOH (green) and DMSO (red) (exc 272 nm, 30 M complex, 295 K).
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Table S8. Gaussian fitting parameters for the emission lines corresponding to the 5D0  7F0 and 5D0  7F1 transitions for [EuL1] in 
different solvents. 
  5D0  7F0 5D0  7F1 
   Singly degenerate component Doubly degenerate component Ratio 
H2O Peak position (nm) 579.64 591.74 592.87 - 
 Area (a.u.) 1.96 × 106 5.48 × 106 1.11 × 107 1 : 2.03 
 FWHM (nm) 0.85652 2.0016 2.0016 - 
MeOH Peak position (nm) 579.49 590.80 593.14 - 
 Area (a.u.) 1.22 × 106 9.15 × 106 1.86 × 107 1 : 2.03 
 FWHM (nm) 0.79297 2.0016 2.0016 - 
DMSO Peak position (nm) 579.53 590.48 593.23 - 
 Area (a.u.) 8.65 × 105 1.42 × 107 3.02 × 107 1 : 2.13 
 FWHM (nm) 0.86135 2.02475 2.00562 - 
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Table S9. Experimental luminescence data for [EuL1] in multiple solvents compared to CASSCF-SO calculations. Wavelengths in nm 
and energies in cm-1. 
 
5D0  7F0 5D0  7F1 
 Singly degenerate component Doubly degenerate component 7F1  splitting
 
λ E λ E ∆𝐸 𝐹07 → 𝐹17  λ E ∆𝐸 𝐹07 → 𝐹17   
H2O 
Exp. 579.64 17253 591.74 16900 353 592.87 16868 385 33 
Ab initio - - - - 316 - - 412 96 
MeOH 
Exp. 579.49 17257 590.80 16927 330 593.14 16860 397 67 
Ab initio - - - - 292 - - 428 136 
DMSO 
Exp. 579.53 17256 590.48 16936 320 593.23 16858 398 78 
Ab initio - - - - 284 - - 433 149 
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Figure S11. CASSCF-SO calculated angular dependence of the energy of the two levels arising 
from the crystal field split 7F1 term of [EuL
1]. Vertical solid lines: structural parameters obtained 
from NMR shift data in D2O (blue), MeOD (green), and DMSO (red). Vertical dashed lines: 
structural parameters required to match experimentally observed energy splitting of the 7F1 term 
in H2O (blue), MeOH (green), and DMSO (red). The data for α = 42.7° correspond to the reference 
DFT optimised structure in H2O (M06/SMD). 
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Figure S12. Ab initio CF parameters as a function of α (and corresponding θ) for [EuL1]. For the 
𝐴𝑘
𝑞〈𝑟𝑘〉 and 𝐴𝑘
−𝑞〈𝑟𝑘〉 with q ≠ 0, we give  √(𝐴𝑘
𝑞〈𝑟𝑘〉)2 +  (𝐴𝑘
−𝑞〈𝑟𝑘〉)2 to remove the arbitrary choice 
of xy reference frame. The data for α = 42.7° correspond to the reference DFT optimised structure 
in H2O (M06/SMD). 
 
Theoretical methods 
Geometry optimisation of [DyL1] and [EuL1] was performed with DFT using the software 
GAUSSIAN 09.1 Optimisation was performed in presence of solvent models (either PCM or SMD) 
for H2O, MeOH, and DMSO using the M06 and BP86 functionals. For Eu and Dy the double zeta 
Stuttgart RSC 1997 ECP basis set2–4 was employed, while for C, H, and N atoms the standard 
GAUSSIAN double zeta Dunning's correlation consistent basis sets (cc-pVDZ) were employed.5 
All optimisations were performed by imposing the C3 symmetry experimentally observed in NMR 
using a C3 symmetric Z-matrix representation of the internal coordinates of atoms in the molecule. 
CASSCF-SO calculations were performed with the program MOLCAS 8.06–8  using the 
CASSCF/RASSI/SINGLE_ANISO approach9–12. For all calculations the Eu and Dy atom were 
treated with the ANO-RCC-VTZP basis, the N and O donors atoms with the ANO-RCC-VDZP 
basis, while all other atoms were treated with the ANO-RCC-VDZ basis.13–16 In order to save disk 
space the two electron integrals were decomposed using the Cholesky decomposition with a high 
threshold of 10-8. The electronic configuration of EuIII (4f6) and DyIII (4f9) was modelled with a 
complete active space of 6 and 9 electrons respectively in the 7 f orbitals. The spin multiplets that 
were included in the orbital optimisation of the spin-only wave functions were 7 septets, 140 
quintets, 472 triplets, and 490 singlets for EuIII and 21 sextets, 224 quartets, and 490 doublets for 
DyIII. Due to calculation power limitation a selected number of states was allowed to be mixed by 
spin-orbit coupling, specifically 21 sextets, 128 quartets, and 130 doublets for DyIII and 7 septets, 
140 quintets, 195 triplets, and 197 singlets for EuIII. 
Optical Methods 
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All optical analyses were carried out in quartz cuvettes with a path length of 1 cm. Emission spectra 
were recorded using an ISA Jobin-Yvon Spex Fluorolog-3 luminescence spectrometer using 
DataMax software (version 2.2.10). CPL spectra were recorded on a custom-built spectrometer 
consisting of a laser driven light source (Energetiq EQ-99 LDLS, spectral range 170 – 2100 nm) 
coupled to an Acton SP2150 monochromator (600 g/nm, 300 nm Blaze) that allows excitation 
wavelengths to be selected with a 6 nm FWHM band-pass. The collection of the emitted light was 
facilitated (90° angle setup) by a Lock-In Amplifier (Hinds Instruments Signaloc 2100) and 
Photoelastic Modulator (Hinds Instruments PEM-90). The differentiated light was focused onto 
an Acton SP2150 monochromator (1200 g/nm, 500 nm Blaze) equipped with a high sensitivity 
cooled Photo Multiplier Tube (Hamamatsu 7155-01 red corrected). Red correction is embedded in 
the detection algorithm and was constructed using a calibrated Ocean Optics lamp. Spectra were 
recorded using a 5 spectral average sequence in the range of 570-720 nm with 0.5 nm spectral 
intervals and 500 µs integration time. Software is written in LabView.  
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